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Abstract
The technique used at the Sudbury Neutrino Observatory (SNO) to measure the concentration of 222Rn in water is described.
Water from the SNO detector is passed through a vacuum degasser (in the light water system) or a membrane contact
degasser (in the heavy water system) where dissolved gases, including radon, are liberated. The degasser is connected to a
vacuum system which collects the radon on a cold trap and removes most other gases, such as water vapor and N2. After
roughly 0.5 tonnes of H2O or 6 tonnes of D2O have been sampled, the accumulated radon is transferred to a Lucas cell.
The cell is mounted on a photomultiplier tube which detects the α-particles from the decay of 222Rn and its progeny. The
overall degassing and concentration efficiency is about 38% and the single-α counting efficiency is approximately 75%. The
sensitivity of the radon assay system for D2O is equivalent to ∼3×10−15 g U/g water. The radon concentration in both the H2O
and D2O is sufficiently low that the rate of background events from U-chain elements is a small fraction of the interaction
rate of solar neutrinos by the neutral current reaction.
Keywords: radioactivity assay, solar neutrino, SNO, radon
PACS: 29.50.-n, 26.65.+t
1. Introduction
The Sudbury Neutrino Observatory (SNO) is a
heavy water Cherenkov detector which was built to
understand why all previous solar neutrino experi-
ments [1–6] have observed fewer neutrinos than are
predicted by generally accepted solar models [7,8].
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1 Deceased.
The SNO detector is described in detail elsewhere
[9]. Briefly, SNO consists of an inner neutrino tar-
get of 1000 tonnes of ultra-pure D2O contained in a
12 m diameter spherical, transparent, acrylic vessel.
An array of 9438 photomultiplier tubes, mounted on
an ∼18 m diameter stainless steel geodesic support
structure, detect the Cherenkov light from electrons
produced by neutrino interactions in the D2O. The vol-
ume between the acrylic vessel and the tube support
structure contains approximately 1700 tonnes of ultra-
pure H2O which shields the D2O volume from high-
energy γ rays produced by radioactivity in the outer
regions of the detector.
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Outside the photomultipliers lie an additional
5700 tonnes of H2O shielding. The two water shield-
ing regions are separated by a nearly impermeable
water seal which serves to keep the water in the
outer shielding area, which has higher radon levels,
isolated from the water between the photomultipli-
ers and the acrylic vessel, where the radon level is
lower. The external water shielding region is viewed
by 91 outward-looking photomultiplier tubes which
help to reject background from muons traversing the
detector. The detector is situated in the INCO, Ltd.
Creighton mine, in Sudbury, Ontario, Canada. At a
depth of 6800 feet, only about 70 muons interact in
the detector per day.
SNO detects solar neutrinos through three distin-
guishable interactions with the D2O target:
νe + d −→ e−+ p + p (CC),
νx + d −→ νx + p + n (NC),
νx + e
−
−→ νx + e
− (ES),
where x denotes any of the active neutrino species
e, µ, or τ. The CC reaction is only sensitive to the
flux of electron neutrinos, whereas the NC reaction is
equally sensitive to all active neutrino flavors. Three
techniques have been developed to observe the neu-
trons from the NC reaction in SNO. In the first phase
of the experiment, the inner vessel was filled with pure
D2O. The neutrons were captured by deuterium nuclei
creating 6.25-MeV γ rays which interacted to make
relativistic electrons whose Cherenkov light was de-
tected. In the second phase, NaCl was added to the
D2O. Most neutrons then capture on 35Cl, an exother-
mic reaction that yields photons whose energies sum
to 8.6 MeV. In the third phase, the salt will be removed
and neutrons will be detected with low-background
3He-filled counters that will be installed in the D2O.
The first publication [10] of SNO results indi-
cated that the flux of electron neutrinos with energy
≥6.75 MeV inferred from the CC reaction is not as
large as the total rate inferred from the ES reaction as
measured by SNO, or with greater accuracy, by Super-
Kamiokande [5]. Since the ES reaction is mostly sen-
sitive to the flux of electron neutrinos, but has a small
contribution from the flux of other neutrino flavors,
this implies that the flux of active neutrinos from the
Sun is greater than the observed flux of electron neu-
trinos alone. As only electron neutrinos are produced
in the Sun, this observation is evidence that electron
neutrinos have transformed into some combination of
µ and τ neutrinos by the time they reach the detector.
A much higher precision measurement of this phe-
nomenon was obtained by a comparison at energies
≥5 MeV of the CC and NC rates in the SNO detector
[11] and their temporal variations [12]. To make this
comparison required that the radioactive backgrounds
in the detector were well understood, since decays of
progeny of 238U (“U-chain”) and progeny of 232Th
(“Th-chain”) can mimic the neutrino interactions. The
isotopes of most concern for the CC/NC comparison
are 214Bi in the U-chain and 208Tl in the Th-chain
because their decays can produce γ rays with ener-
gies greater than 2.2 MeV. These high-energy γ rays
can photodisintegrate the deuteron, producing a free
neutron, and thus mimic the NC disintegration of the
deuteron.
Two techniques, which are discussed elsewhere
[13,14], have been developed to measure the aqueous
concentration of 226Ra from the U-chain and 224Ra
from the Th-chain. These give a good measurement
of the concentration of radium ions in the water.
Knowledge of the 226Ra concentration is, however,
not sufficient to determine the U-chain radioactive
background because 222Rn, the decay product of
226Ra, is a noble gas with a 3.8-d half-life. Small leaks
of air and traces of radium in detector materials can
introduce 222Rn, and lead to significant disequilib-
ria between 226Ra and 214Bi. To properly understand
the radioactive background, it is thus imperative to
measure directly the 222Rn concentration in the water
as only isotopes with short half-lives separate 222Rn
from the undesired 214Bi.
The underground air at the SNO laboratory contains
∼100 Bq/m3 of 222Rn (3 pCi/l or 50 Rn atoms/cm3),
which, if the radon were at its equilibrium concen-
tration with the D2O, would yield a dissolved 222Rn
level almost 106 times higher than tolerable. Consid-
erable precautions were thus taken in the design and
construction of SNO to limit the leakage of 222Rn into
the detector. As examples of such measures, all com-
ponents of the water systems were selected for low
radon diffusion and emanation, the entire D2O system
was leak checked with a He mass spectrometer, and
one of the final elements of both the H2O and D2O wa-
ter purification systems is a degasser that has a radon
removal efficiency of >90%. Further, the polypropy-
lene pipes in the water system have thick walls and
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are made with specially selected low-radioactivity ma-
terial [15], all detachable joints are sealed with butyl
rubber O-rings [16] which have low radon permeabil-
ity and emanation, the detector cavity is lined with a
membrane with low Rn permeability, and there is a
“cover gas”, a continuously flowing stream of N2 from
the boiloff of liquid nitrogen, into the vapor space di-
rectly above the D2O and H2O.
2. Maximum allowable radon concentration
The standard model calculation of the 8B neutrino
flux from the Sun [7], together with the cross section
for the NC reaction [17], predicts that 10 to 15 neu-
trons will be produced by solar neutrinos per day in
the 1000 tonnes of D2O in the SNO detector. Based
on this prediction, SNO set the design goal to have
no more than one neutron per day produced in the
D2O by U-chain contamination. As described in [14],
this implies that the maximum allowable contamina-
tion of the D2O is 3 × 10−14 g U/g D2O, assuming
secular equilibrium between 238U and 214Bi. This can
be translated into a maximum concentration for 222Rn
in the D2O of about 0.2 atoms/liter or 0.4 mBq/m3.
The maximum allowable radon concentrations in the
H2O between the acrylic vessel and the photomultipli-
ers and in the outer bulk shielding water are given in
Table 1. At these levels, the background contributed
by H2O to the NC signal is no more than that from
the D2O.
Table 1
Maximum allowable radon concentration in the three detector water
regions, the D2O, the inner H2O region between the acrylic vessel
and the photomultipliers (I), and the outer H2O region between
the photomultipliers and the cavity wall (O). The fourth column
is the U concentration assuming secular equilibrium with 222Rn.
Region Atoms Rn/liter mBq Rn/m3 g U/g water
D2O 0.2 0.4 3.0 × 10−14
H2O (I) 3 6 4.5 × 10−13
H2O (O) 7 14 1.1 × 10−12
To reduce the systematic error in the NC determina-
tion that arises from the uncertainty in the radon level
to less than a few percent, it is necessary to lower the
radon content of the water below the maximum allow-
able level. Such levels can only be measured with ac-
curacy if the ultimate sensitivity of the assay method
is an order of magnitude below the design goal. As
shown below, these requirements were met, thus al-
lowing the critical neutral current measurement to be
made with precision.
3. Assay of the H2O
3.1. Overview of the assay technique
The assay method operates by pumping water from
the detector to a degasser which extracts the radon.
The radon is collected, concentrated, and then trans-
ferred to a miniature ZnS-coated scintillation counter
(a Lucas cell [18]) for measurement. The extraction
of radon is performed differently in the H2O and D2O
systems; we describe the extraction from H2O here and
from D2O in Sec. 4. The radon collection and count-
ing are the same in both systems and are discussed in
Sec. 5 and Sec. 6, respectively.
3.2. Water flow
H2O can be drawn from six locations in the detec-
tor. Two sample points are at the bottom of the cavity,
three at the equator of the acrylic vessel, and one at the
bottom of the photomultiplier array. The most com-
monly sampled H2O and D2O positions are shown in
Fig. 1. The distance from the sample points to the de-
gasser is about 70 m and the piping is polypropylene
with 60 mm outer diameter and 5.5 mm wall thickness.
Polypropylene was chosen for its low radioactivity,
low leaching of impurities in the presence of ultra-pure
water, and low radon permeability. The water sam-
ple is taken by a diaphragm pump [19] whose wetted
portions are made from polypropylene, except for the
diaphragm which is Teflon. A typical assay samples
water for 30 minutes at a flow rate of 19 liters/minute.
At the maximum allowable contamination of the H2O
between the acrylic vessel and the photomultipliers
(4.5 × 10−13 g U/g H2O), this water would contain
1480 222Rn atoms. The water goes through a vacuum-
degassing chamber and is returned to the main H2O
circulation system by another diaphragm pump.
The volume of water is measured with either a ro-
tameter flowmeter or a stroke counter attached to the
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Fig. 1. Location of sample points for usual radon assays of H2O
and D2O. Assay points are labelled by the valves that must be
opened to extract the water. Most D2O assays take water from
the main purification loop shown on the left side of the acrylic
vessel. This circulation normally draws water from the bottom of
the vessel, and, after purification and assay, returns it at the bottom
of the vessel neck. Flow in the reverse direction is also possible.
Measurements of radon levels are also made occasionally at other
locations within the vessel (V901, V903, and V905). Assays of
the light water are usually conducted at two positions between the
photomultiplier array and the acrylic vessel (V203 and V206) and
at the bottom of the cavity (V202).
diaphragm pump. The volume per stroke is 0.34 liters,
and is independent of flow rate over the range of flows
normally used. Both of these were calibrated by flow-
ing water from the pump to a container on a scale. One
of the larger sources of systematic uncertainty is the
difficulty of accurately measuring the water flow rate
from the pulsating diaphragm pump. The estimated
uncertainty is 14% in the flowmeter readings and 10%
in the stroke-counted readings.
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
Water from detector Gas to Rn collector
Water return to detector
Spray nozzles
View ports
Fig. 2. Schematic diagram of the monitor degasser in the H2O
system.
3.3. The light water monitor degasser
The monitor degasser (MDG) [20–22] is shown in
Fig. 2. It is a custom-designed stainless steel vertical
cylinder 1.15 m high and 0.4 m in diameter [23]. The
usual pressure difference between the feed water line
and the degassing chamber is 45 PSI. The water enters
at the top of the degasser at a temperature of 13 ◦C
and passes through three stainless-steel full-cone spray
nozzles [24]. The nozzles spray upwards and produce
water droplets with a diameter of ∼1 mm. As the drops
fall, or run down the walls of the degasser chamber, the
dissolved gases leave the water and are drawn off to
the radon collector described in Sec. 5. The spray and
the water level are visible through two acrylic view
ports mounted on flanges welded to the side of the
vessel. The water level in the bottom of the degasser
is maintained at a height of ∼0.3 m.
The degassing efficiency of the MDG was measured
by bringing a small volume of water into equilibrium
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with radon in the air of the underground laboratory, in-
jecting this radon-enriched water into the input of the
MDG, and then extracting, concentrating, and count-
ing the radon. The number of detected radon atoms
was compared to the number expected based upon the
radon solubility, the known radon activity in the air
(measured by introducing a different sample of the
same air into an evacuated Lucas cell and counting
its activity), and the known efficiencies of collection
and concentration. With H2O at 13 ◦C and a flow rate
of 19 liters/minute the degassing efficiency was mea-
sured to be 0.58 ± 0.10 [25].
3.4. Assay system background
Although the materials in the assay system were
selected for their low diffusion and emanation rates for
radon [26], some radon can still enter the water being
assayed through leaks, by diffusion through pipes, O-
rings, etc., by emanation from contaminants in assay
system components, and by emanation from surface
dust, embedded dirt, etc.
The background of the degasser was measured by
filling the MDG with water and flowing this water in
“closed loop mode” (which sends the output water of
the degasser back to its input) until it was completely
degassed. Then several assays of the degassed water
were conducted, each of 3-hour duration, at a flow rate
of 20 liters/minute. In these experiments 19± 4 atoms
of radon entered the system per hour of assay by the
combination of leakage, diffusion, and emanation. For
a typical 30-min assay this represents a background of
1.1% of the number of atoms that would be extracted
and collected if the water were at the maximum allow-
able level. These measurements, however, were only
of the MDG and the subsequent radon collection appa-
ratus and did not include the assay system piping that
leads to the detector. Furthermore, the background can
change as a function of time. For instance, we find that
vibrations may loosen the nuts on valves and flanges,
for which we must compensate by periodic tighten-
ing. Thus, the background for any given assay may
be higher than measured in these closed loop assays,
where great care was taken to ensure that the system
was tightly sealed. To take account of these additional
sources of background, some of which may vary in
time, we add onto the previously stated statistical error
of ±4 atoms/hr an additional systematic error, which
we estimate to be +8
−4 atoms/hr. The total assay system
background is thus 19+9
−6 atoms/hr.
4. Assay of the D2O
The basic principles of the assay system for D2O are
very similar to those for H2O, namely, degassing fol-
lowed by radon collection, concentration, and count-
ing. The D2O system, however, must be an order
of magnitude more sensitive than the H2O system
(see Table 1), be able to function in 0.2% NaCl-D2O
brine, and, since the D2O is so valuable, have minimal
loss of D2O vapor. For these reasons a polypropylene
hydrophobic-membrane contact degasser was chosen,
rather than a metal vacuum degasser. The system de-
sign and calibration is described in more detail in [27].
4.1. Water flow
The D2O can be assayed from seven locations in
the detector as well as at points within the water pu-
rification system itself. The most commonly sampled
points are labeled in Fig. 1. There are five assay po-
sitions within the D2O on the acrylic vessel wall: at
the bottom of the vessel (V901), 1/3 of the way up
(not shown), 3/4 of the way up (V903), at the bottom
of the neck (not shown), and 0.3 m below the surface
of the water in the neck (V905). In addition, the wa-
ter from the main purification circulation loop can be
sampled either at the bottom of the neck (R967) or at
the bottom of the vessel (V967). The pipes within the
vessel are made from the same acrylic as the vessel
itself; outside the vessel the pipes are polypropylene,
as in the H2O system. For the dedicated assay lines, a
diaphragm pump identical to that used in the H2O sys-
tem draws water from the vessel to the D2O degasser.
A typical assay samples water for 5 hours at
21 liters/min. At the maximum allowable level this
water contains about 1260 222Rn atoms, which, tak-
ing into account the degassing efficiency and transfer
efficiency, results in 480 atoms in the Lucas cell
at the end of an assay. Since the single-α counting
efficiency is 74% and 3 prompt alphas are emitted
per radon decay (see Sec. 6.1.1), this gives about
180 events in the first day of counting. This should
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be compared with the typical Lucas cell background
rate of about 10 counts/d, and the background from
the assay system, which contributes about 20 counts
in the first day of counting. Defining the sensitivity
as when the signal equals approximately three times
the uncertainty of the background [28], the sensitivity
of the entire D2O assay system in the current config-
uration is about one-tenth of the maximum allowable
level, or about 3 × 10−15 g U/g D2O.
There is no flow meter in the D2O radon assay sys-
tem. Rather, the flow rate is set by adjusting the pump
stroke rate to a fixed value. Since the D2O system uses
the same type of diaphragm pump as the H2O sys-
tem, we use its calibration, whose uncertainty is 10%.
There may, however, be small differences in any two
pumps believed to be identical, and thus we add in
quadrature an assumed 5% uncertainty, giving a total
flow rate uncertainty in stroke-counted experiments of
11%. Some assays were conducted before the instal-
lation of the stroke counter; for these we estimate a
17% uncertainty in the flow rate.
4.2. The heavy water monitor degasser
The MDG in the D2O system is a membrane contact
degasser [29]. It consists of bundles of hollow, porous,
hydrophobic polypropylene fibers woven around a hol-
low polypropylene water distribution tube, all of which
is contained in a polypropylene housing. The distri-
bution tube is plugged at the center, and a baffle in
the containment cartridge forces the water to flow to
the outside of the cartridge and pass over the tightly
packed fibers. As the water flows over the fibers, the
dissolved gases pass through the fiber walls to their
hollow center from which a vacuum pump draws the
gases into a radon collection system similar to that in
the H2O system. The water, on the other side of the
baffle, goes back to the central water tube, exits the
degasser, and is returned to the main D2O purification
system.
The degassing efficiency of the D2O MDG for radon
has not been measured directly, but we can infer its
efficiency from other experiments. By measuring the
radon concentration of the water that enters and exits
the D2O process degasser, its efficiency was found to
be 83 ± 5% at a flow rate of 195 liters/min. The pro-
cess degasser contains two parallel sets of three mem-
brane degassers in series where each degasser is of
identical construction to the one in the MDG, so the
inferred efficiency of a single degasser cell for radon
is 45 ± 3% at 97.5 liters/min. This flow rate is much
higher than the rate through the MDG which is cus-
tomarily 21 liters/min. To extrapolate to lower flow
rate, we can use an approximate membrane degasser
model [30] which predicts that the efficiency εdegas
varies with flow rate F as ln(1 − εdegas) ∝ F−χ where
χ depends on degasser module geometry but is inde-
pendent of gas species. The value of χ can be found
for our degasser by applying this equation to mea-
surements of the oxygen degassing efficiency of the
process degasser at different flow rates. A probe [31]
with ppb sensitivity in high resistivity liquids such
as ultra-pure D2O was used, and the measured oxy-
gen degassing efficiency of one cell of the process de-
gasser was 84 ± 3% at 21 liters/min and 67.9 ± 2.4%
at 97.5 liters/min. From these measurements we infer
χ = 0.31, and, using the measured radon efficiency
at 97.5 liters/min, the predicted degassing efficiency
of the MDG for radon is 62% at 21 liters/min. Since
several assumptions are involved in this model which
may not be completely satisfied, such as independence
of the degassing efficiency on the gas concentration,
we assign a liberal systematic uncertainty to this es-
timate. The upper limit is set by noting that the effi-
ciency for radon can be no more than that for oxygen
at the same flow rate, i.e., it must be less than 84%. A
firm lower bound for the radon degassing efficiency at
21 liters/min is at 45% as that was the measured ef-
ficiency at 97.5 liters/min. We consider these extreme
bounds to be effective two sigma uncertainties. Our
estimate for the radon degassing efficiency of the D2O
MDG is thus 62+11
− 9%.
4.3. Assay system background
The emanation and leak background of the MDG
and radon collector were measured under static con-
ditions [27] as follows: The MDG and collector were
sealed and their helium leak rate was measured to be
less than 10−8 cm3/s. Then the system was evacuated
and isolated for as long as 11 days, at the end of which
the gas in each evacuated component was individu-
ally collected and counted. The most significant back-
ground was 16 ± 1.5 Rn atoms/hr and came from the
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trap used to remove water vapor from the gas stream
(see Fig. 3). The only other appreciable background
was from the degasser portion of the system which
contributed 1.7±0.2 222Rn atoms/hr. Adding these two
components gives a total assay system background of
18 ± 1.5 222Rn atoms/hr, which, for a typical assay
time of 5 hours, gives a background of 90 ± 8 222Rn
atoms on the collection trap at the end of the assay.
This is much less than the ∼780 atoms that would be
collected on the trap from the water if it were at the
maximum allowable level.
The concerns regarding possible changes in back-
ground with time that were expressed for the H2O
system also pertain here. To account for such time-
dependent changes in the background, we add, as
for the H2O system, a systematic uncertainty of
+8
−4 atoms/hr, which makes the total assay system
background 18+8
−4 atoms/hr.
5. The radon collector
We describe here how the radon that is extracted
from the water by the monitor degasser is collected,
separated from other gases, and concentrated. The
equipment used for this purpose is nearly the same
in both the H2O and D2O systems and is illustrated
in Fig. 3. It is based on apparatus developed to mea-
sure radon emanation for materials selection during
the SNO design phase [26].
In overview, the gases extracted from the water are
first drawn by a vacuum pump through a cold trap
which removes water vapor. The gas stream then flows
through a liquid nitrogen cooled trap filled with bronze
wool which stops radon, but allows N2 and O2 to pass
through. At the end of the sampling period the captured
radon is transferred to a concentrator trap and then
to a specially-developed low-background Lucas cell.
These various components and their use in an assay
will now be described.
5.1. Collector components and use
The gas stream first enters a water vapor trap [32].
In the H2O system, where the vapor load is about
10 cm3/min, the trap is an acrylic cylinder with a vol-
ume of 42 liters inside of which is a refrigeration coil.
The coil is held at -60 ◦C during an extraction. The
D2O system has a similar device but it is smaller as
the vapor load is less by about a factor of 10.
After passing through the water trap, the dry gas
enters the primary radon trap which consists of a
10 mm diameter stainless steel tube stuffed with
cleaned bronze wool and bent into a ‘U’ shape. This
tube, whose volume is ∼50 cm3, is immersed in liquid
nitrogen during the extraction. N2, O2, and Ar in the
gas stream go through this trap, but radon, CO2 and
any residual water vapor adhere to the cold bronze
wool. When a sufficient sampling time has elapsed,
the valve at the inlet to the radon collector is closed.
Evacuation of the trap is continued for a few minutes
to remove traces of nitrogen and oxygen. Next, the
valve to the vacuum pump is closed and the valve
between the primary trap and the (previously evacu-
ated) concentrator trap is opened. The concentrator
trap is a coiled tube of 3 mm stainless steel tubing
with 300 mm length that is also stuffed with bronze
wool. The primary trap is heated with a heat gun and
the concentrator trap is chilled with liquid nitrogen
so the gas is cryopumped to the concentrator trap.
The cryopumping continues for about 15 min dur-
ing which time a Lucas cell is attached to the sys-
tem at an adjacent quick-connect port and evacuated.
The concentrator trap is then isolated and heated and
a valve between the Lucas cell and the concentrator
trap is opened. Since the volume of the Lucas cell is
larger than that of the concentrator trap and connect-
ing tubing, most of the radon transfers to the Lucas
cell by volume sharing. The pressure in the cell at the
time of filling is read with a transducer and is typi-
cally <0.1 atm for H2O assays or <0.5 atm for D2O
assays. This gas is mainly CO2 which is not well sep-
arated from radon as they have similar boiling temper-
atures. Even at 0.5 atm, however, the α-particle range
is nearly 6 cm, considerably greater than the 1.9 cm
radius of the Lucas cell. Finally, the cell is discon-
nected and taken to a counting facility on the surface.
Except for the water trap, all components of the
radon collector are off-the-shelf stainless steel parts
connected with compression fittings. Considerable
care was taken in the section from the concentrator to
the Lucas cell to minimize the volume by using small
diameter tubing, filling all unused volumes with inert
material, and selecting low dead-volume valves.
The efficiency of the primary trap for stopping radon
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From degasser
Water
trap
Refrigerant circulation To vacuum To vacuum To vacuum
Primary
radon
trap
Bronze wool
filling
Concentrator
trap
Lucas cell
Pressure transducers
3-way
valve
V
V
V V V
QC
Fig. 3. Schematic of radon collection and concentration apparatus. Parts are not drawn to scale. “V” shows a valve and “QC” labels the
quick-connector on the Lucas cell. The valves are drawn in the position for extraction from the degasser, during which time the primary
radon trap is immersed in liquid N2.
was measured under static conditions by concentrat-
ing a large amount of radon from the air into a Lucas
cell, counting the radon in the cell, injecting the radon
from that cell into the input of the primary trap, and
extracting the radon back into the same cell. After ac-
counting for radon decay, radon absorption into the
acrylic of the Lucas cell, and the transfer efficiency
from the concentrator trap to the Lucas cell, the trap-
ping efficiency was found to be 100.5 ± 2.3%.
The efficiency of transfer from the concentrator trap
to the Lucas cell was measured in the H2O system
by filling the concentrator trap with air at atmospheric
pressure. An evacuated Lucas cell was then attached
and the change in pressure gave an efficiency of 64 ±
2%. For the D2O system this technique yielded an
efficiency of 63.8 ± 2.0%.
An alternate efficiency measurement was made for
the D2O system using radon. A Lucas cell containing
a measured amount of radon was attached to the usual
Lucas cell port and connected to the concentrator trap.
The concentrator trap was chilled with liquid nitrogen
and the radon from the cell was drawn by a vacuum
pump to the concentrator trap. After pumping all radon
from the cell, the trap was heated and the radon was re-
injected into the same Lucas cell by the usual volume-
sharing technique. After accounting for radon decay,
the transfer efficiency from the concentrator trap to the
Lucas cell was measured to be 61.8±1.0%. This more
precise value is used to infer the radon concentration
in the D2O.
5.2. Radon collector background
The background of the radon collector water trap
is included in the total assay system background and
was considered above in Sec. 3.4 and Sec. 4.3. The
background of the other components of the radon col-
lector in the D2O system was measured [27] by helium
leak testing to 10−8 cm3/sec, evacuation of the entire
collector, and then closing all valves so as to isolate
the separate parts. After a seal time of a few days, the
individual regions were each extracted independently
into Lucas cells. Weighting each section of the col-
lector by the time it is used in the processing of the
assay gives a total background that is several times
less than the assay system background. We therefore
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consider the background of the collector (exclusive of
the water trap) to be negligible.
6. Data acquisition system
The Lucas cell from the assay is placed on the end
of a 50-mm diameter 10- or 12-stage photomultiplier
tube and counted for 8 to 10 days. The tube output is
amplified, digitized, and stored in 256 channels of a
4096-channel analyzer. Every 3 hours the data stored
in the analyzer are transferred to a computer and a
“log” file is updated with the cumulative counting time
and the cumulative number of events within a chosen
region of interest. Another file is also written every
three hours which contains the full cumulative energy
spectrum. If desired, these spectra can be reanalyzed
with the region of interest redefined and a new “log”
file generated. The 222Rn decay counting system con-
tains 11 counting stations, with one or two Lucas cells
assigned to each station. Since the system is in a lab-
oratory on the surface, there is a delay of two or more
hours between the end of an assay and the start of
counting.
6.1. Lucas cells
The Lucas cells developed for SNO are acrylic
cylinders with a hollow interior machined into a 19-
mm radius hemisphere whose surface is painted with
activated ZnS. One end of the cylinder has a low-
volume quick-connector [33] through which radon gas
is admitted and the other end is sealed with a flat sheet
of acrylic. When α particles from the decay of 222Rn
or one of its α-emitting decay products strike the ZnS
coating on the acrylic surface, light is emitted. The flat
acrylic end of the cell is placed atop a photomultipler
tube which detects this scintillation light. The cell di-
ameter is 5 cm and the interior gas volume is 15.5 cm3.
These low background devices are described in detail
in [26].
New cells are leak checked with a He mass spec-
trometer and the cells in use are periodically checked
by evacuating them underground, keeping them for
several hours in this high radon environment, and
bringing them to the surface for counting. A cell filled
with underground air contains about 900 Rn atoms,
compared to ∼480 from D2O at the maximum allow-
able level.
One cause of leakage is improper removal of the
Lucas cell from the assay system at its quick-connector
at the end of an extraction. This problem appears to
have occurred once in the assays of the D2O. Leakage
can also occur because of inadequate lubrication of,
or dirt on, the connector O-rings. This problem was
greatly reduced by instituting a regular program of
disassembly, cleaning, and regreasing. This is essential
because even small leaks can introduce a number of
radon atoms comparable with the ∼150 atoms that are
presently collected in a typical D2O assay.
6.1.1. Lucas cell efficiency
The section of the U chain that begins with 222Rn
is 222Rn 5.5 MeV α−−−−−−−−→
3.82 d
218Po
6.0 MeV α
−−−−−−−−→
3.10 m
214Pb
β
−−−−→
26.8 m
214Bi
β
−−−−→
19.9 m
214Po
7.7 MeV α
−−−−−−−−→
162 µs
210Pb, which has a 22-year half
life. Shortly after the decay of a 222Rn atom two ad-
ditional α particles are emitted, from 218Po and 214Po.
The effective efficiency of the Lucas cell for 222Rn de-
cay is thus three times its efficiency for single-α de-
tection, provided counting begins a few hours or more
after the cell is filled.
The efficiency of the SNO Lucas cells was mea-
sured by injecting air containing a known amount
of radon into two cells at a commercial radon cal-
ibration company [34]. The company measured the
radon concentration of the air put into the cells to be
1649±66 (stat)±12 (syst) Bq/m3, equivalent to about
12 000 Rn atoms in each cell. The two cells were
counted at SNO about one day after the radon in-
jection. After accounting for decay between the time
of injection and the start of counting, the cells were
found to have single-α detection efficiencies of 75%
and 74% with a 0.6% statistical uncertainty and a 3.4%
systematic uncertainty.
Soon after the calibration of these two cells, nine
Lucas cells were taken underground, where the typi-
cal radon concentration is 100 Bq/m3, evacuated, and
filled with ambient air. All cells were found to have
similar efficiency but with a statistics dominated 12%
uncertainty in each measurement. Assuming all cells
have the same efficiency, the standard deviation of ef-
ficiency from the combination of these measurements
is ±7%. Combining this with the known difference in
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efficiency from cell to cell due to their volume dif-
ference, which is <3%, we conclude that the single-
α detection efficiency of cells that were not directly
calibrated is 74 ± 7%. The 26% loss of α-particles is
mainly due to the cell geometrical efficiency.
6.1.2. Lucas cell background
When a Lucas cell is new, its background from cos-
mic radiation and radioactivity in the ZnS is less than
3 counts per day, but the background gradually builds
up with use. This increase in background is mainly
due to the 5.3-MeV α from 138-d 210Po which comes
from the gradual accumulation of 22-year 210Pb. With
each use of a cell its 210Pb content builds up and
the following 210Po decays produce an ever increasing
cell background. Each 104 Rn decays increase the cell
background rate by roughly one count per day. After a
cell has been used extensively, it will eventually have
such a high background rate that it must be retired and
replaced with a new one.
The background of each Lucas cell is periodically
measured by evacuating it and counting in the standard
manner. The background of the cells currently in use
in D2O assays is about 10 counts/d and in the range
of (10–20) counts/d in H2O assays. These are known
with a 10% statistical uncertainty.
6.2. Electronics
Spurious signals in the photomultiplier dynode
chain can be a source of noise unrelated to alpha
decay within a Lucas cell. The region of interest for
α decays is set to exclude such events, which mostly
occur at low energy. Nevertheless, there is some leak-
age into the region of interest. By counting without
a Lucas cell on the photomultiplier, this noise rate
was measured to be less than 0.5 counts/d. The lower
limit of the region of interest will cut out some true
α events. Measurements with a Lucas cell spiked
with 226Ra (which we call a “hot” cell) show that the
fraction of events lost depends on the electronics in
the counting station and is in the range of (0–5)%.
This loss is accounted for in the counting efficiency
uncertainty.
Cross-talk from adjacent counting stations is also a
potential source of noise. This effect was measured by
putting a “hot” cell on one station and measuring the
number of counts that appeared in all other stations.
Even with ∼ 107 counts on the “hot” station, the aver-
age number of counts on other stations did not exceed
0.5 counts. Cross-talk is thus a negligible contributor
to the systematic uncertainty.
The long term photomultiplier gain drift was mea-
sured by comparing “hot” cell counting rates over a
3-year period. During this time the rate in the station
used most often for D2O assays varied by 3.1 ± 0.9%
and the rate in the stations used for H2O assays varied
by no more than 3.5 ± 2.0%.
7. Data processing
In this section we derive the relationship between
the cumulative number of detected counts and the con-
centration C of radon in the water that enters the de-
gasser. We assume that C is constant.
If we flow water at a constant rate of F liters/min
for a time interval of duration tassay and extract with a
degassing efficiency ǫdegas, then the number of radon
atoms from the water that are present on the first trap
in the collection system (the primary radon trap) at the
end of extraction is
Nwater = ǫdegasǫtrapCF(1 − e−λtassay )/λ, (1)
where ǫtrap is the radon trapping efficiency and λ is the
222Rn decay constant. The term in parentheses is due
to the decay of radon during the extraction time; for
short assay times this term is approximately λtassay.
To obtain the total number of radon atoms present on
the trap we must add to this the background of the
radon assay system. Defining Rback as the rate of radon
production by emanation, diffusion, and ingress in the
degasser and the front section of the collection system,
the number of radon atoms from these backgrounds
on the trap at the end of extraction is
Nback = ǫtrapRback(1 − e−λtassay )/λ. (2)
These atoms are transferred to the Lucas cell with
efficiency ǫtransfer. As discussed in Sec. 5, the radon
background of the section of the collection system
used during this transfer is negligible. If the time delay
between the end of extraction and the start of counting
is tdelay, the number of radon atoms present in the
Lucas cell at the start of counting (SOC) is
NSOC = ǫtransfere−λtdelay (Nwater + Nback). (3)
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The counting data consist of the superposition of
two components:
– the decay of 222Rn. Since the initial number of atoms
is NSOC and the number exponentially decreases in
time, the count rate of this component varies with
time t according to ǫcountλNSOC exp(−λt), where
ǫcount is the effective 222Rn counting efficiency.
– a constant background rate BLucas. These events are
mainly the decay of 22-year 210Pb which has accu-
mulated in the cell from previous assays. The value
of BLucas is assumed known from previous counting
of this cell for background.
We add these two components to get the total count
rate as a function of time
ǫcountλNSOCe−λt + BLucas (4)
and integrate for a time interval of duration tcount. The
total number of observed counts in this time is then
Ncount = ǫcountNSOC(1 − e−λtcount) + BLucastcount. (5)
Combining Eq. (1), (2), (3), and (5), the concentra-
tion of radon in the water is given by
C = 1
ǫdegasF
(6)
×[ (Ncount − BLucastcount)λ
ǫ(1 − e−λtassay )e−λtdelay (1 − e−λtcount ) − Rback],
where we have abbreviated ǫ = ǫtrapǫtransferǫcount.
Typical values of the parameters in this equation
are ǫdegas = 0.6, F = 20 liters/min, ǫtrap = 1, ǫtransfer =
0.62, ǫcount = 3 × 0.74 (there are 3 prompt α parti-
cles emitted after each radon decay, each of which
is counted with ∼74% efficiency), tassay = 5 hours
in the D2O system and 30 min in the H2O system,
tdelay = 2 hours, Ncount = 400 from D2O and 740
from H2O, tcount = 8 d, BLucas = 20 counts/d in the
H2O system and 10 counts/d in the D2O system, and
Rback = 460 Rn atoms/d in the H2O system and 430 Rn
atoms/d in the D2O system. To convert C from radon
atoms/liter to g U/g water, multiply the right side of
Eq. (6) by the factor 1.69 × 10−13/D where D is the
water density in g/cm3, 1.0 for H2O and 1.1 for D2O.
This assumes equilibrium in the U decay chain.
To check that there is reasonable agreement between
the results of this procedure and the data, the total
count rate predicted from Eq. (4) is calculated and vi-
sually compared to the differential spectrum of num-
ber of counts versus counting time. This comparison
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Fig. 4. Count rate spectrum for radon extracted from D2O. The
background rate for this cell was 10.0 ± 0.5 counts/d. Data points
are indicated by horizontal lines of 1-d duration, with approximate
error limits from counting statistics. Since the count rate is very
low, the data from every eight 3-hour data collection intervals have
been combined. The thick solid line is the count rate predicted
from Eq. (4) with the encompassing dashed band indicating the
68% confidence range from counting statistics. The 15-d data
acquisition time for this spectrum is longer than customary.
is shown in Fig. 4 for an extraction from D2O whose
activity is slightly higher than average.
8. Overall systematic uncertainties in the assays
Most of the various terms that enter the systematic
uncertainty have been given in the previous text and
are summarized in Table 2. This table also includes
the contribution of the collector, degasser, and cell
backgrounds, which will now be considered.
The systematic uncertainty from backgrounds de-
pends upon the magnitude of the observed radon sig-
nal, which has decreased as SNO data was acquired.
On average, during the pure D2O phase of the ex-
periment, the radon levels in the H2O and D2O were
about 1/4 of the maximum allowable values. For the
inner H2O we thus collected roughly 100 atoms from
the water. The background due to the H2O MDG and
the radon collector for a 30-min assay would result in
about 6 ± 3 atoms in the Lucas cell. Thus, the uncer-
tainty in the system background contributes a system-
atic error of ∼3%. The 210Pb background in the Lucas
cells is about 20 ± 2 counts/d. Since in the first four
days of counting we expect ∼110 counts from the wa-
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Table 2
Contributions to systematic uncertainty in radon assays in percent.
All uncertainties are symmetric unless otherwise indicated. The
values for background are evaluated for a water sample whose
radon content is 25% of the maximum allowable level.
Source Inner H2O D2O
Flow rate F 14 17
Flow rate F (stroke counted) 10 11
Degassing efficiency ǫdegas 17 +18−14
Assay system background Rback 3 +10−21
Trapping efficiency ǫtrap 2 2
Transport efficiency to Lucas cell ǫtransfer 3 2
Cell counting efficiency ǫcount 10 10
Cell background rate BLucas 7 2
Electronic noise < 0.1 < 0.1
Photomultiplier stability 4 4
Combined quadratically 26 +29
−32
Combined (stroke counted) 24 +26
−30
ter sample, the uncertainty due to cell background is
8/110, or 7%.
For the D2O, at 1/4 of the maximum allowable level,
about 120 Rn atoms enter the Lucas cell from the wa-
ter. The background from the assay system in a 5-hour
assay (the usual assay time) is 56+25
−12 atoms of radon
in the cell. Thus, the systematic error due to uncer-
tainty in the assay system background is estimated as
+10
−21%. The
210Pb background in the Lucas cell con-
tributes about 8.0 ± 0.8 counts/d background. For the
first four days of counting we expect 135 counts from
the radon in the D2O and thus the systematic error due
to uncertainty in cell background is 3/135, or 2%.
9. Assay results
Weekly measurements are usually made from the
three valves in H2O shown in Fig. 1, from the H2O
process degasser, and from one or more of the valves in
the D2O. The results of water assays from 29 Septem-
ber 1999 through 15 May 2002 are shown in Figures 5
and 6. Most of the scatter in this data is not statisti-
cal fluctuation, but is due to real changes of the radon
level in the detector. For example, there was a high
radon level in both the H2O and D2O during the early
period of neutrino-data taking. This was because the
initially high radon content of the water used to fill the
detector was still decaying. After that time there are
several intervals during which spikes of radon were
unintentionally introduced. These are clearly apparent
in the H2O plots and were caused by the failure of the
H2O process degasser’s vacuum pump, which resulted
in laboratory air being injected into the H2O. An im-
proved interlock system has prevented similar faults
during subsequent pump failures. In the first month
of neutrino data-taking, the radon levels in the D2O
were still elevated until the nitrogen “cover gas” pro-
tection system was improved to compensate for leaks
in the seal of the D2O vapor space. After that time,
there were two unintentional introductions of radon
into the D2O, but their amplitude was not sufficient to
appreciably interrupt neutrino data-taking.
As is evident by examination of the assay plots, the
average radon levels in both the H2O and D2O are well
below the maximum allowable level. The interpreta-
tion of these assay results in terms of the net U-chain
contamination and the way in which this contamina-
tion influences the neutrino detection rates reported in
[10–12] will be presented elsewhere.
10. Summary and Conclusions
The method that SNO has developed to determine
the radon content of the water in the detector by direct
assay has been described. This method is relatively
simple to execute, is reliable, and has been shown
to be capable of detecting a few tens of atoms of
radon per tonne of water, equivalent, assuming equi-
librium in the U-chain, to a concentration of a few
times 10−15 g U/g water. This sensitivity is adequate
to show that the 214Bi contribution to the neutral cur-
rent background of the SNO detector is substantially
below the maximum allowable level, and thus it has
been possible for SNO to determine the total flux of
8B solar neutrinos by measurement of the neutral cur-
rent interaction rate.
Should the need arise, the sensitivity of this tech-
nique could be improved by an order of magnitude
by reducing the background of the D2O water trap,
by constructing new Lucas cells, and by doubling the
assay time.
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Fig. 5. Radon levels in H2O. Three locations are shown: V203 at the equator halfway between the acrylic vessel and photomultiplier array
(upper panel), V206 just inside the photomultuplier array at the bottom (middle panel), and V202 at the bottom of the cavity containing the
bulk shielding water (lower panel). The points show the result of each assay, and the error bars are the systematic and statistical uncertainty
added in quadrature. The solid horizontal line denotes the maximum allowable U concentration. The dashed line on the left indicates the
start of SNO data acquisition the dashed line at 2001.4 indicates the time when NaCl was added to the D2O. Several unintended radon
“spikes” of the H2O are seen. At all three locations the average radon levels are clearly below the maximum allowable level.
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